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Point-contact (PC) spectroscopy measurements on antiferromagnetic (AF) (TN ≃5.2K)
HoNi2B2C single crystals in the normal and two different superconducting (SC) states (Tc ≃8.5K
and T ∗
c
≃ 5.6K) are reported. The PC study of the electron-boson(phonon) interaction (EB(P)I)
spectral function reveals pronounced phonon maxima at 16, 22 and 34meV. For the first time the
high energy maxima at about 50meV and 100meV are resolved. Additionally, an admixture of a
crystalline-electric-field (CEF) excitations with a maximum near 10meV and a ‘magnetic‘ peak near
3meV are observed. The contribution of the 10-meV peak in PC EPI constant λPC is evaluated
as 20-30%, while contribution of the high energy modes at 50 and 100meV amounts about 10%
for each maxima, so the superconductivity might be affected by CEF excitations. The SC gap in
HoNi2B2C exhibits a standard single-band BCS-like dependence, but vanishes at T
∗
c
≃ 5.6K< Tc,
with 2∆/kBT
∗
c
≃ 3.9. The strong coupling Eliashberg analysis of the low-temperature SC phase
with T ∗
c
≃ 5.6 K ∼ TN, coexisting with the commensurate AF structure, suggests a sizable value
of the EPI constant λs ∼ 0.93. We also provide strong support for the recently proposed by us
”Fermi surface (FS) separation” scenario for the coexistence of magnetism and superconductivity in
magnetic borocarbides, namely, that the superconductivity in the commensurate AF phase survives
at a special (nearly isotropic) FS sheet without an admixture of Ho 5d states. Above T ∗
c
the SC
features in the PC characteristics are strongly suppressed pointing to a specific weakened SC state
between T ∗
c
and Tc.
PACS numbers: 72.10.Di, 74.45.+c, 74.70Dd
INTRODUCTION
Borocarbide superconductors RT 2B2C, where R is a
rare-earth element and T is a transition metal element,
mainly Ni, (see, e. g., Refs. 1, 2 and further Refs. therein)
have been studied intensively during the last decade.
However, in spite of their much more simple, less cor-
related, 3D electronic structure compared with high-Tc
materials, the superconductivity in borocarbides is still
under debate. Based on the interpretation of many
magnetic, muon spin resonance, spectroscopic, specific
heat, etc. measurements [1] it is widely accepted that
the superconducting (SC) state has an s-wave symme-
try and the pairing is mediated by the electron-phonon
(el-ph) interaction. On the other hand for the magneti-
cally ordered borocarbide superconductors the role of the
crystal-electric-field (CEF) splitting of the 4f -shell states
of the R+3 ion and their excitations are of fundamen-
tal importance to understand both ordering phenomena.
Additionally, the el-ph interaction responsible for the SC
state in these compounds has also been analyzed within
the multiband Eliashberg theory [3, 4] with emphasis on
the complex Fermi surface with different contribution to
the SC state by different orbitals on different Fermi sur-
face sheets [4, 5, 6, 7, 8].
In the family of borocarbide superconductors
HoNi2B2C is distinguished: it exhibits a remarkable
reentrant superconductivity and a variety of mag-
netic orderings [1]. The reentrant behavior occurs in
a temperature range just above the commensurate
antiferromagnetic order at about TN ≃5.2K and be-
low the temperature TM ≃ 6 K, which separates the
low-temperature magnetic commensurate phase from
the high-temperature paramagnetic phase by a not
completely resolved yet intermediate incommensurate
magnetic phase. In the same temperature range between
TN and TM incommensurate structures do occur: an
a-axis-modulated one and a spiral structure along the
c-axis.
By point-contact (PC) spectroscopic investigations [9]
both the SC order parameter and the PC electron-
boson(phonon) interaction (EB(P)I) spectral function
α2
PC
F (ω) can be determined in studying the first and sec-
ond derivatives of the I(V ) characteristic of PC‘s. The
measurement of the second derivative of the I(V ) of PC‘s
provides straightforward information on the PC EB(P)I
function α2F (ω) [9]. The knowledge of α2F (ω) for con-
ducting systems is a touchstone to the phonon-mediated
superconductivity which is governed mainly by the value
of the el-ph-coupling parameter λ = 2
∫
α2F (ω)ω−1dω.
Moreover, the comparison of the experimentally deter-
mined α2
PC
F (ω) with the results of model calculations
2could be used to distinguish between different scenarios.
Thus the PC spectroscopy could be helpful to illuminate
many details of the EPI in HoNi2B2C as well as to resolve
other possible quasiparticle interactions, e. g., mediated
by magnons and CEF excitations. In addition to this
the SC gap determines the behavior of the I(V ) curve
for the PC in the energy range of a few meV. Hence,
this region is widely used to determine the SC gap from
a routine fitting by the well-known Blonder-Tinkham-
Klapwijk (BTK) equations [10]. All this potential in-
formation should be used to deepen the present sparse
knowledge of the SC properties and to help to elucidate
the mechanism(s) of superconductivity of the title mate-
rial.
Up to now, HoNi2B2C has been investigated by PC
spectroscopy in [11, 12, 13, 14]. The first three papers are
devoted to investigations of the SC gap. In general, stan-
dard isotropic BCS (Eliashberg)-type behavior of the gap
was found below TN , while between TN and Tc ≃8.5K
the SC features in PC spectra are strongly suppressed
and speculation about some different SC state [11] or
‘gapless‘ superconductivity [12] were undertaken. The
PC EBI spectra for HoNi2B2C were studied and ana-
lyzed in Ref.[14]. There, the main attention was devoted
to the study of the low energy part of the spectra and to
the investigation and understanding of the so called ‘soft‘
mode at about 4meV in the electron-quasiparticle spec-
trum. However, the measured spectra were featureless
above 20meV, although a number of pronounced phonon
peaks are well resolved at higher energies by neutron
spectroscopy [15]. In this study we present more detailed
PC EBI spectra of HoNi2B2C in comparison with those
mentioned in the Refs. given above including also our
recent data presented at two international conferences
SCES‘04 and M2S-HTSC-VIII [17, 18]. Additionally, to
explain our findings with respect to the SC gap we pro-
vide support for the separation of magnetism and super-
conductivity on different Fermi surface sheets in magnetic
borocarbides [5, 6, 8].
EXPERIMENTAL DETAILS
We have used single crystals of HoNi2B2C grown by
a floating zone technique with optical heating [19]. The
residual resistivity is ρ0 ≃ 3µΩcm and the residual resis-
tivity ratio RRR=13. Final series of measurements were
done for sample with improved quality with RRR=19.
The sample becomes superconducting at about 8.5K.
PCs were established both along the c axis and in per-
pendicular direction by standard ‘needle-anvil‘ or ‘shear‘
methods [9]. As a counter electrode Cu or Ag thin
wires (⊘=0.15mm) were used. The spectra with resolved
phonon features like in Fig. 1 were registered by touch-
ing of the sharpened Cu wire on a shallow bright caving
of about 1×1mm2 on the HoNi2B2C crystal surface (see
-100 -80 -60 -40 -20 0 20 40 60 80 100
-2
-1
0
1
2
HoNi2B2C
M
CEF
B=0.5T
 
 
HoNi2B2C - Cu
V 2
/ V
12
 
(ar
b.
 
u
n
.
)
V (mV)
 R=20Ω, T=3.1K
 27Ω, 3.1K
 41Ω, 4K
CEF
M
Cu
c
a
B
Figure 1: Experimental PC spectra [see Eq. (2)] of several
HoNi2B2C–Cu PCs. The dotted curve shows an example of
the tentative behavior of the background for the dash-dot
curve spectrum. A magnetic field of 0.5 T is applied to sup-
press superconductivity. The arrows mark a ‘magnetic‘ (M)
peak at about ±3mV, a CEF peak, and positions of other
resolved peculiarities on the curves maxima. The inset shows
a sketch of the PC configuration (see also the text for more
details).
inset in Fig. 1). The electron probe microanalysis (WDX
mode) has shown that the cavity surface has single phase
microstructure and stoichiometric composition well cor-
responding to the 1:2:2:1 ratio, while excess of Ni has
been observed in other places on that crystal surface.
RESULTS AND DISCUSSION
According to the theory of PC spectroscopy [20] the
second derivative R−1dR/dV = R−2d2V/dI2(V ) of the
I − V curve of the ballistic contact at low temperatures,
where R = dV/dI, is determined by the PC EPI function
α2
PC
F (ω),
R−1
dR
dV
=
8 ed
3 h¯vF
α2
PC
(ω)F (ω)|h¯ω=eV , (1)
where d is the PC diameter, e is the electron charge and
αPC, roughly speaking, measures the interaction of an
electron with the phonon branches. This interaction is
affected by large angle scattering (back-scattering) pro-
cesses [20] of electrons in the constriction of the PC. Thus
α2
PC
F (ω) is a kind of transport EPI functions which se-
lect phonons with a large momentum or umklapp scatter-
ing. In practice α2
PC
(ω)F (ω) can be extracted from the
measured rms signal of the second V2 (V2 ∝ d2V /dI2)
harmonic of a small alternating voltage V1 (V1 ∝ dV /dI
3is the first harmonic signal) superimposed on the ramped
dc voltage V , so that from (1):
α2
PC
(ω)F (ω)|h¯ω=eV = 3
2
√
2
h¯vF
ed
V2
V 21
. (2)
In the case of a heterocontact between two metals the PC
spectrum represents a sum of the contributions from both
metals 1 and 2 weighted by the inverse Fermi velocities
[23]:
V2
V 21
∝ R−1 dR
dV
∝ υ (α
2F )1
vF1
+ (1− υ) (α
2F )2
vF2
, (3)
where υ is the relative volume occupied by metal 1 in
the PC. Thus, using of the heterocontacts enables also
us to estimate the relative strength of the EBI in the
investigated material as compared to some standard or
well known case.
To study the SC gap we have measured dV/dI char-
acteristics of N-c-S PCs (here N denotes a normal metal,
c is the constriction and S is the superconductor un-
der study). Then utilizing the generally used Blonder-
Tinkham-Klapwijk equations [10] fits of the measured
curves have been performed. As fit parameters the SC
gap ∆ and the dimensionless barrier parameter Z have
been used. A possible additional smearing of the dV/dI
curves was also taken into account by including the pa-
rameter Γ, usually interpreted as a broadening of the
quasiparticle DOS in the superconductor due to finite
life-time effects.
PCS of quasiparticle excitations
Our PC spectra of HoNi2B2C demonstrate clear max-
ima at about 3, 10, 16 and 22mV, a smeared maximum
at 34mV, and a hump around 50mV (Fig. 1). The max-
ima above 15mV correspond well to the phonon DOS
maxima of the nonmagnetic sister compound LuNi2B2C
[15] [see Fig. 2(b)] derived from inelastic neutron scatter-
ing data. Only the high energy part of the PC spectrum
is remarkably smeared. Fig. 2(a) displays the PC EBI
function, obtained from the PC spectrum after subtrac-
tion of the background. According to the neutron data
[15] there is a gap around 40meV in the phonon DOS,
which separates the acoustic and the optic branches. In
this energy region a minimum occurs in our PC spectra.
We have also succeeded to receive PC spectra with well
resolved high energy maxima around 50 and 100mV (see
Fig. 3). The position of the 50-mV maximum coincides
with the maximum in the phonon DOS for LuNi2B2C
shown in Fig. 2b, even the shoulder at about 60mV is
resolved in the PC spectra (this feature is more clear at
the negative bias). In the phonon DOS for the nonmag-
netic sister compound YNi2B2C a maximum at around
0
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Figure 2: (a) PC spectra from the Fig. 1 with subtracted back-
ground (3 upper solid curves). The arrows mark the position
of the CEF peak and the ‘magnetic‘ peak at about 4mV,
best visible for the two upper curves. The bottom dotted
curve shows the PC spectrum of Cu. The vertical dashed line
marks the position of the first maximum in the Cu spectrum.
The dashed curve presents sum of the PC spectrum of Cu
with a function scaled by the phonon DOS from panel (b).
(b) The neutron phonon DOS for LuNi2B2C [15].
100meV has been observed in Ref. 15. It has been at-
tributed to the high-frequency B-C bond stretching vi-
bration in accord with theoretical results obtained in
frozen phonon calculations at 106 meV for the zone-
center Raman active mode of YNi2B2C [16]. The low-
energy part (< 30meV) of the PC spectra in Fig. 3 shows
a less detailed structure as compared to the spectra from
Fig. 1. Here maxima only at about 4, 10 and 15mV are
seen. Also a shoulder in the range of 22meV peak is vis-
ible which is more pronounced at negative polarity and
as shown for the spectra in the inset. However, in in-
terpreting these spectra we have to take into account for
possible contribution of Cu derived phonons since Cu has
been used as a counter electrode (needle). The dashed
curve in Fig. 2(a) presents the sum of the Cu PC spec-
trum and the phonon DOS from Fig. 2(b). It is seen that
contributions from Cu may be appreciable for the spec-
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Figure 3: PC spectra of HoNi2B2C–Cu contact with well re-
solved high energy maxima around 50 and 100mV. PC resis-
tance was decreased from 10.6Ω (spectrum in the insert) to
9.3Ω (main panel) between successive measurements. In the
main panel also averaged for two contacts spectrum (solid
line) is shown, while in the inset averaged for the positive
and negative bias spectrum of the same contact is shown by
solid line. Temperature is 3K and magnetic field is applied
to suppress superconductivity.
trum of the 41Ω contact in the range between 15–20meV,
while the two other spectra have pronounced maxima at
16 and 22meV, i. e. at energies higher than the max-
ima in the Cu spectrum at 15 and 20meV. Moreover,
all HoNi2B2C–Cu spectra contain no visible contribu-
tion from the weaker Cu peak at about 27meV, therefore
we conclude that a contribution of Cu is unsubstantial
at least for the two upper spectra in Fig. 2(a). Appar-
ently, the low Fermi velocity in nickel borocarbides [1] as
compared to the noble metals accentuate the intensity of
HoNi2B2C features according to Eq. (3). Contrary, the
PC spectra in Fig. 3 have likely a contribution from Cu
derived phonons in the region 15–20mV, which masks the
expected HoNi2B2C phonon maxima so that the 22meV
maximum looks like a broad shoulder. In Fig. 3(inset)
also the asymmetry of the spectra versus bias voltage po-
larity is clearly seen in the energy region of Cu phonons,
which is characteristic for heterocontact, if the contribu-
tion from both electrodes to the spectrum is comparable
[9].
The most prevalent type of HoNi2B2C PC spectrum
is shown in Fig. 4. Here a maximum close to 3mV and
another one around 10meV are dominant. The latter
maximum might be connected with CEF excitations, ob-
served in this range by inelastic neutron scattering stud-
ies [24, 25, 26]. The maximum around 3meV is asso-
ciated with a magnetically ordered state, since it disap-
pears above the Ne´el temperature mainly in the range
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Figure 4: PC spectra [see Eq. (2)] of several HoNi2B2C–Ag
PCs with a dominant 10-mV peak (the ↓ marks the CEF
peak, the ↑ mark the position of the main phonon peaks from
Fig.2b, the black triangle marks the ‘magnetic‘ peak at about
4meV): (a) two spectra with a dominant 10-meV peak. In
the first case the superconductivity is suppressed by magnetic
fields, in the second case – by high temperature. The latter
curve is measured on a cleaved small piece of a HoNi2B2C
single crystal. The bottom curve shows the PC spectrum of
Ag. (b) The modification of the spectrum with a dominant
10-mV peak for various applied magnetic fields.
8–10K (see dashed curve in Fig. 4(a)) and it can be sup-
pressed by a magnetic field of a few Tesla (see Fig. 4(b)).
A detailed discussion of the origin of this peak will be
given in the next section. At the energy of about 10meV
a contribution from the first peak in the phonon DOS
could also be expected. For LuNi2B2C the first phonon
peak is observed at about 9meV (see Fig. 2(b)). For the
lighter (about 6%) Ho ions the peak position may be
somewhat shifted to higher energies. Note also that the
measured phonon dispersion curves ω(q) for HoNi2B2C
[27] have a tendency that ∂ω(q)/∂q → 0 around 10–
12meV pointing to an enhanced phonon DOS (or maxi-
mum) in this region. However, we have observed that the
10-mV maximum is considerably affected by a magnetic
field (see Fig. 4(b)), therefore a contribution of CEF ex-
5citations to the 10-meV peak seems to be appreciable.
Unfortunately, due to ‘magnetic forces‘ it was difficult
to keep the mechanical contact stable in magnetic fields
above 5T, especially when the field direction was out of
the c-axis. Therefore the influence of the magnetic field
on the 10-meV peak (to separate CEF and phonon con-
tribution to this peak) could be investigated only quali-
tatively so far.
The spectra discussed here demonstrate weak and
smeared phonon maxima above 10mV (see arrows in
Fig. 4(a)) in contrast to the spectra shown in Fig. 2(a),
but they have a pronounced 10-mV peak (see Fig. 4),
which points to the importance of CEF excitations in the
transport properties of HoNi2B2C. Besides, the electron-
CEF interaction may be also important for a complete
understanding of the mechanism of superconductivity in
this compound. We emphasize that the spectra with
the dominant 10-mV peak were qualitatively the same
independent of the counter electrode (Ag or Cu) which
discards remarkable contribution to the PC spectra from
these metals (see the PC spectra of Cu and Ag in Figs. 2a
and 4a).
From the measured EBI function (see Fig. 2(a)) the
EBI parameter λPC = 2
∫
α2
PC
F (ω)ω−1dω was calculated,
which was found to be smaller than 0.1 only. However,
there are large uncertainties in the determination of λPC
if heterocontacts are used. First, this is because the rel-
ative volume υ occupied by the investigated sample in a
PC can deviate from 1/2 [see (3)]. Secondly, the devia-
tion from the ballistic regime in PCs has to be corrected
by a pre-factor li/d in (3), where li is the elastic electron
mean free path and d is the PC diameter. However, li
is difficult to evaluate for PC. Further, the available PC
theory and all its equations such as Eq. (2) have been de-
rived in the framework of the free electron model and a
single-band Fermi surface. Then, paying attention that
the contribution of Cu in the PC spectra of HoNi2B2C-
Cu heterocontacts in Fig. 2(a) is hardly to be resolved
we can conclude that the intensity of the EBI function
in HoNi2B2C has to be larger than that in Cu, where
λPC ≃0.25 [9]. This provides a complementary confirma-
tion of the moderate strength of the EBI in HoNi2B2C
with a lower bound of 0.25 for λPC [30]. Moreover the
10-mV peak contributes about 20-30% to the λ value
indicating that CEF excitations should be taken into ac-
count to understand the SC properties of HoNi2B2C. The
contribution of the high frequency modes to λ can be es-
timated from the spectra in Fig. 3. It amounts about
10% for each of the 50 and 100mV maxima. Note, that
by estimating λ we discard the contribution of the ‘mag-
netic‘ peak around 3mV, the nature of which is under
discussion (see below).
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Figure 5: (a) PC spectra [see Eq. (2)] of HoNi2B2C–Cu con-
tact established along the a-axis at different temperature. (b)
PC spectra of HoNi2B2C–Ag contact established along the a-
axis with varying of the magnetic filed direction relative to
the c-axis.
‘Magnetic‘ peak
Let us turn to the low energy maximum around eVM ≈
3 meV. As we mentioned above it is very probably re-
lated to a magnetic ordering, since it disappears at tem-
peratures TM ∼ 8–10K (see Fig. 5(a)) and it can be sup-
pressed by an external magnetic field (Fig. 5(b)). Fig-
ure 5(b) shows that by increasing the angle between the
applied magnetic field and the c-axis, the height of the
maximum goes down and its position changes. Thus, this
maximum is more robust, if the field is applied along
the c-axis. This is in line with the result reported in
Ref. 28 that for a field along the c-axis the antiferromag-
netic phase with TN ≃ 5K is robust up to quite large
fields, while for the perpendicular directions this antifer-
romagnetic phase is already suppressed above B=0.5T
at T=3K. For our PCs both TM and the magnetic field
which suppresses the ‘magnetic‘ peak are higher. In par-
ticular, especially the magnetic field is enhanced which
reaches here up to 5T (see Fig. 4(b)). In this context
it should be mentioned that inside a PC a remarkable
(uniaxial) pressure can be created. This might cause an
6increase of TN with a ratio up to dTN/dP ≃8K/GPa [29].
For completeness it should be mentioned that spec-
tra with a dominant 3 meV peak (its position may vary
between 2.5 and 5 meV) and the practically absence of
any other maxima were observed on uncleaved ‘as-grown‘
surfaces of HoNi2B2C. Later on the electron probe mi-
croanalysis showed deviations from the stoichiometry on
this surface, which can modify both TN and the charac-
teristic magnetic field. As mentioned in Ref. 19 crystallo-
graphically oriented thin plates of the nonsuperconduct-
ing HoNiBC compound have been observed in selected
parts of as-grown HoNi2B2C crystals. It is well-known
that the 1:1:1:1 compound HoNiBC exhibits long-range
magnetic order below TN ≃10K [31]. Therefore, the ob-
servation of a ‘magnetic‘ peak persisting up to 10K may
be connected with admixture of 1:1:1:1 phase.
Thus, the origin of the ‘magnetic‘ peak in the PC spec-
tra has to be still under debate and we will consider fur-
ther scenarios. It could be connected with a transition
to the thermal regime by a voltage rise, which produces
peak-like features in the PC spectra at eVM ≃ 3.63kBTM
(here TM is a magnetic transition temperature) as it was
shown for ferromagnetic metals [32]. However, this is not
likely the case, because an increase of temperature in the
PC would drastically smear the phonon maxima in the
spectra as well. On the other hand, it was shown in Ref.
33 that the reabsorbtion of nonequilibrium phonons gen-
erated by electrons in a PC leads to a lattice heating up
to a temperature of eV /4 (and the appearance of a back-
ground in the PC spectra), however, here the electron
gas of the conduction electrons should remain cold pre-
venting a smearing of the PC spectra whereas the local
Ho 4f moments might be affected due to a strong enough
magnetoelastic coupling [21, 22]. We suppose that such
a ”heating” by nonequilibrium phonons suppresses the
magnetic order. The destruction of the antiferromagnetic
order in HoNi2B2C leads to a sharp increase of the resis-
tivity at TN (see, e. g., Fig. 3 in Ref. 28), which manifests
itself in the PC spectra as a peak-like feature. Indeed,
the position of the peak around 2.5 meV (see Fig. 5) cor-
responds to the temperature eV M/4 ≃ 7K ∼ TN.
PCS of the SC energy gap in the commensurate
antiferromagnetic phase
For the N-c-S metallic junctions (here N denotes a nor-
mal metal, c is the constriction and S is a superconduc-
tor) under consideration also the SC energy gap ∆ can
be investigated (see, e.g., [9], Chapter 3.7). The SC gap
manifests itself in the dV/dI characteristic of a N-c-S con-
tact as pronounced minima around V ≃ ±∆ at a temper-
ature well below Tc. Such dV/dI curves are presented in
Fig. 6. Using the BTK equations [10] to fit dV/dI, the SC
gap ∆ and its temperature dependence are established
(see Fig. 6). It is seen that ∆(T ) has a BCS-type depen-
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Figure 6: Upper panel: dV/dI curves (symbols) of
HoNi2B2C–Cu contact (R = 2.7Ω) established along a-axis
with varying temperature. PC spectra for this contact are
shown in Fig. 5(a). Solid lines are BTK fitting curves. Bot-
tom panel: temperature dependence of the SC energy gap ∆
and ‘smearing‘ parameter Γ at B=0T obtained by a BTK-
like fitting of the curves shown in the upper panel at constant
‘tunneling‘ parameter Z ≈0.5. Solid smooth line is the BCS
curve.
dence, however the temperature where the gap vanishes
T∗c ≃5.6K is well below Tc ≃8.5K of the bulk crystal,
i.e., the gap disappears close to TN . Similar observation
of a gap which vanishes at few Kelvin below Tc were pre-
sented in [11, 12] both for poly- and single crystals of
HoNi2B2C. In Ref. [12] the authors supposed a gapless
state between T∗c and Tc based on the observation of an
abrupt suppression of SC features in dV/dI when cross-
ing T∗c and the failure of a BTK fit above T
∗
c [34]. Note,
that in the mentioned temperature range HoNi2B2C ex-
hibits [1] a specific magnetic spiral structure. According
to [35, 36] the helical magnetic order weakens the super-
conductivity and even nonmagnetic impurities do sup-
press superconductivity in systems with coexisting su-
perconductivity and antiferromagnetism [37].
We would like also to accentuate that the same gap
value with a similar temperature and magnetic field be-
havior has been found for a cleaved surface of the same
7HoNi2B2C single crystal with an Ag counter electrode,
that is for some arbitrary direction. This observation to-
gether with analogous data for ∆ from [11, 12] both for
poly- and single HoNi2B2C crystals demonstrates at least
a small gap anisotropy and a reasonable physical mean-
ing of T∗c . Therefore we adopt the ”Fermi surface separa-
tion” scenario for the coexistence of magnetism and su-
perconductivity in magnetic borocarbides, i.e. their coex-
istence on different Fermi surface sheets (FSS), proposed
in Refs. [5, 6, 8]. In other words, we suggest that the su-
perconductivity in the commensurate antiferromagnetic
phase survives only at a special (nearly isotropic) FSS
with no admixture of Ho 5 d states. The latter mediate
the magnetic exchange interaction between the localized
Ho 4f moments and a part of the delocalized conduction
electrons for which a standard s-wave superconductivity
is easily to be destroyed or strongly suppressed. Such
a magnetic link between the Ho 4f moments provided
by conduction electrons is necessary for the RKKY in-
teractions to explain the observed magnetic orderings at
relative high temperatures. In order to proceed with a
semi-quantitative analysis of our PC data, we may now
adopt the well understood standard isotropic single band
(ISB) model to analyse the residual superconductivity.
From the measured gap value ∆0=0.95 meV and the es-
timated T ∗c ≈ 5.6 K (or the slightly different value of 5.8
K as discussed below) remarkable strong coupling cor-
rections can be estimated. Starting for instance from a
relation first derived by Geilikman and Kresin [38, 39]
2∆(0)
kBTc
= 3.53
[
1 + 12.5
(
kBTc
h¯ωl
)2
ln
(
h¯ωl
2kBTc
)]
, (4)
one estimates a relatively low value for the logarithmi-
cally weighted phonon frequency h¯ωl ≈ 10 meV. Using
the well-known Allen-Dynes expression for the critical
temperature we may estimate the effective electron-boson
coupling constant λs as 0.934 adopting a typical value for
the Coulomb pseudopotential µ∗=0.13. Then, from the
estimated upper critical field Hc2(0) ≈ 0.8 T one esti-
mates in the clean limit the effective Fermi velocity vF
according to [40]
vF
[
105m/s
]
= 0.154
Tc [K] (1 + λ)
1.1√
Hc2(0) [T]
, (5)
as a lower bound vF ≈ 2.06 × 105 m/s. A similar value
vF ≈ 1.91 × 105 m/s follows, if Hc2(0) ≃0.93T is esti-
mated from the slope of dHc2/dT near Tc using the well-
known WHH-relation between the former two quantities.
These estimates may be helpful to elucidate which of the
FSS does bear the residual superconductivity. Compared
with the nonmagnetic borocarbides (λ ∼ 1.2 to 1.4) the
obtained coupling constant is surprisingly less suppressed
and the low value h¯ωl ≈ 10 meV indicates that most of
the phonon modes above 10meV shown in Fig. 2 should
be regarded as relevant for those nonactive FSS’s where
the superconductivity has been extruded by the rare
earth induced magnetism. Since in the scenario under
consideration the pairing comes mainly from the inter-
action with low-frequency bosonic modes, the observed
peak near 10meV and its decomposition into contribu-
tions from different bosons deserves special interest. In
particular, assuming that the remaining superconducting
FSS couples dominantly to the modes which contribute
to the 10 meV peak, a non-negligible contribution λs,CEF
from the attractive interaction with crystal-field excita-
tions (i.e. from the inelastic asymmetric Coulomb scat-
tering as proposed by Fulde [41]) would be rather chal-
lenging. Regarding the exact frequency values of the rel-
evant bosonic modes, the large sensitivity of Eq. (4) to
the actual Tc value should be stressed. In this context
the rather similar values of Tc ≈ 6.1 K, Hc2(0) ≈ 0.75 to
0.9 T [42, 43] and 2∆(0)/kBTc ≈ 3.81 for DyNi2B2C are
noteworthy (see Ref. 43 Fig.6). Here h¯ωl ≈ 9.9meV and
λs= 0.939 (for µ
∗ = 0.13) can be derived from Eq. (4)
and the Allen-Dynes Tc-formula.
Such a similarity between HoNi2B2C and DyNi2B2C
seems to be natural because the same commensurate
antiferromagnetic phase is probed for both closely re-
lated systems which exhibit within the LDA (local den-
sity approximation) nearly the same electronic structure
[44]. Also similar phonon spectra are expected. In this
context, in comparing the two SC phases which coexist
with the same commensurate antiferromagnetic phase in
HoNi2B2C and DyNi2B2C, the violation of the frequently
used De Gennes-scaling for magnetic borocarbides [1] is
striking. This scaling employs the scaling factor DG de-
fined as
DG = (gL − 1)2 J(J + 1), (6)
where gL is the Lande´-factor and J denotes the mag-
netic moment at the rare earth site. According to that
standard scenario an enhanced SC state would be ex-
pected for the low-temperature SC phase of HoNi2B2C.
However, by comparing the SC transition temperatures
and gap values of the magnetically adjacent borocar-
bides contradictory results are derived. The PC-data
for ErNi2B2C [45] yield ∆(0)Er ≈ 1.7 meV (ignoring a
weak anisotropy of Hc2), the gap of DyNi2B2C amounts
to ∆(0)Dy ≈ 1.0meV and ∆(0)Er > ∆(0)Ho > ∆(0)Dy
with Tc,Er = 10 K > Tc,Ho = 8.5 K > Tc,Dy = 6 K is
expected. This is in contrast with the measured value of
0.95meV for HoNi2B2C. Anyhow, the measured relation
∆(0)Ho ≤ ∆(0)Dy suggests that the residual supercon-
ductivity below 6K is not affected by the usual magnetic
pair breaking. Our FSS-related coexistence picture al-
lows also a new interpretation of the specific heat data
reported by Michor et al. [46]: using the estimates for
DyNi2B2C given above, strong coupling corrections for
8the relative specific heat jump [39]
∆C
γskBTc
= 1.43
[
1 + 53
(
kBTc
h¯ωl
)2
ln
(
h¯ωl
3kBTc
)]
, (7)
can be used to estimate the partial density of states
γs ∝ Ns(0)(1+λs) of the electronic subgroup involved in
the SC transition. The observed reduced SC specific heat
jump of ∆C ≈ 70 mJ/molK for DyNi2B2C, that corre-
sponds to a partial density of states of aboutNs(0) = 4.16
mJ/molK2, only, to be compared with about Ntot(0) =
10 mJ/molK2 for the total density of states as derived
from LDA band structure calculations for nonmagnetic
and magnetic borocarbides [44].
It is interesting to compare λPC with the supercon-
ducting coupling constant λs derived above as well as
with superconducting and high-temperature resistivity
data which yield λtr for related systems in order to un-
derstand to which extent λPC probes the el-ph coupling
for all bands. Recent PC measurements for DyNi2B2C
[47] and YNi2B2C [48] in the best junctions yield a sig-
nificant larger (smaller) experimental coupling constant
λPC = 0.4 (0.1), respectively, compared to the present
case with λPC = 0.25 for HoNi2B2C. However, very often
the coupling constants derived from point-contact spec-
tra should be considered as lower bounds for the coupling
constants relevant for superconductivity, say λPC ≈ (0.5
to 0.7)λs, which can be derived from different Eliash-
berg functions α2(ω)F (ω) extracted by the inversion of
usual superconductor tunneling data or from an analy-
sis of the Sommerfeld constant of the linear specific heat
in the normal state. Since a value of λs ∼ 1.2 for the
case of the non-magnetic borocarbides and λtr ≈ 0.8-
0.9 for magnetic borocarbides [28] seems to be realistic,
we adopt for ideal ballistic contacts λPC ∼ λtr ≈ 0.7 to
0.8 for all Ni-1221 borocarbides under consideration. In
fact, the coupling constants, measured by point-contact
spectroscopy in the normal state can be regarded as ef-
fective single-band properties, i.e. for the multiband sys-
tem under consideration generalizing Eq. (1), each band
(FSS) produces a weighting factor given by the ratio of
the corresponding conductances and the Fermi velocities
vi which in a free electron-like picture reads
λPC =
veff
σtot
∑
i
[
σi
vi
λPC,i
]
, (8)
where the band index ‘i =1,.. has been introduced. In
the present case following our coexistence scenario we di-
vide the borocarbides under consideration into a mag-
netic (i=1) and a superconducting subsystem (i =2)
with veff ≈ 1.8v2 used in calibrating the point-contact
spectra and adopt v1 ∼ 3v2, as suggested by the LDA-
FPLO calculations, one estimates σi/σtot =0.9 and 0.1,
respectively. Then Eq. (8) can be rewritten as λPC =
0.18(3λ1 + λ2). For λ1 ∼ λ2 a moderate contribution of
about 25% for the superconducting subsystem to the to-
tal λPC follows. The latter is dominated by the quenched
magnetic subsystem for HoNi2B2C and other magnetic
borocarbides. Anyhow, the 10 meV peak can be at-
tributed completely to the residual superconducting sub-
system. A similar result was obtained for a specific heat
analysis of HoNi2B2C [49], where the peak near 10meV
was estimated to contribute about 25% to the total cou-
pling constant of 1.2. Related problems and more de-
tailed further comparisons with DyNi2B2C, ErNi2B2C,
and other magnetic borocarbides will be considered else-
where.
For completeness and for comparison with Eq. (8) we
show the corresponding multiband expressions for the
renormalization of the electronic specific heat (the Som-
merfeld constant γ) and the resistivity
λγ =
∑
i
Ni(0)
Ntot(0)
λγi , (9)
where Ni(0) denotes the partial electronic density of
states at the Fermi level. Finally, ignoring interband scat-
tering for the high-temperature resistivity where ρ(T ) ∝
λtrT one obtains from a straightforward generalization
of the well-known Ziman-formula
λtr =
(∑
i
ω2pl,i
Ω2pl,tot
1
λtr,i
)
−1
, (10)
where ωpl denotes the plasma frequency. Thus, in all
discussed cases the effective one-band coupling constants
are differently decomposed into the partial coupling con-
stants depending on which quantity is probed experimen-
tally.
Lets turn to the magnetic field measurements shown
in Fig.7. In contrast to the PC data reported in Ref. 12,
where ∆ initially increases (∼ 10%) in magnetic fields
before it drops off to zero, in our case ∆(B) exhibits a
conventional behavior. decreasing with overall negative
curvature (see Fig. 7). Similarly, the excess current Iexc,
which is proportional to the gap maximum area in dI/dV
(see Fig. 8 and the figure caption therein), exhibits a tem-
perature dependence (not shown) like ∆(T ) from Fig. 6,
that is Iexc(T ) has also a negative curvature. (We remind
the reader, that the excess current of an S-c-N contact
is governed by ∆ [50] or the SC order parameter [51].)
Contrary, Iexc(B) decreases nearly linearly with the mag-
netic field (Fig. 8). This is in contrast with the observed
pronounced positive curvature of Iexc(B) in MgB2 [52]
and YNi2B2C [53], where at least two bands are super-
conducting. Thereby, the observed behavior of Iexc(B)
is in line with our scenario that superconductivity sur-
vives on separate (one or similar) FSS. In addition to the
”vortex” model proposed in [52], the Iexc(B) dependence
might be also related to a complex vortex structure for
a system with normal and superconducting FSS’s as we
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Figure 7: Upper panel: The dV/dI curves (symbols) for the
same HoNi2B2C–Cu contact as employed in Fig. 6 but ex-
posed to an external magnetic field. The solid lines are BTK
fitting curves. Bottom panel: the magnetic field dependencies
of the SC energy gap and Γ at constant Z ≈0.5 obtained by
BTK-like fits of the curves shown in the upper panel.
suppose in our case. To the best of our knowledge this
vortex problem has not been studied so far theoretically.
CONCLUSION
We have carried out investigations of the EBI spec-
tral function and the SC energy gap in HoNi2B2C by PC
spectroscopy. We succeeded to measure PC EBI spectra
of HoNi2B2C with distinct phonon features above 15mV
along with additional low energy maxima of non-phonon
nature below 15meV. For the first time the high energy
maxima at about 50meV and 100meV are clearly ob-
served. Hence, the high energy phonons can not be dis-
regarded by analyzing thermodynamic, electron trans-
port and SC phenomena in the nickel borocarbides. The
phonon maxima in the PC spectra correspond well to
those in the phonon DOS spectra of borocarbides mea-
sured by inelastic neutron scattering. On the other hand
the maximum at about 10meV contains likely also an
essential contribution from CEF excitations, while the
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Figure 8: Excess current Iexc behavior versus magnetic field
(symbols) for PC data used also in Fig. 7. Dashed straight
line connects two edge symbols. The inset explains the de-
termination of the excess current, which is proportional to
the integral intensity of dI/dV maximum (the shaded area)
after subtracting of the normal state dI/dV (dashed curve)
measured at 0.5 T.
low-lying peak around 3meV is suppressed by tempera-
ture and magnetic field rise. Moreover, the peak intensity
depends on the angle between the magnetic field and the
c-axis. All these observations point to a ‘magnetic‘ origin
of this peak, i. e., the peak reflects possibly a transition
from the low temperature magnetically ordered state to
dis- (or low)- ordered states driven by nonequilibrium
phonons generated by accelerated electrons.
The SC gap exhibits in general a ‘conventional‘ single-
band like standard BCS behavior below T∗c ≃ 5.6K with
2∆/kBT
∗
c ≃ 3.9 pointing to an intermediately strongly
coupled SC state. The large similarity of this low-
temperature phase with the behavior of DyNi2B2C where
superconductivity and a simple commensurate antiferro-
magnetic state coexist, clearly points to a nonstandard
(in the sense of the frequently used De Gennes scaling)
suppression of the former compared with nonmagnetic
borocarbides. We addressed the specific role of selected
Fermi surface sheets and CEF-excitations in this partic-
ular case. Between T∗c and the upper critical temper-
ature Tc ≃8.5K the SC signal in dV/dI is drastically
suppressed, which explains the difficulties to derive the
SC order parameter (or a SC gap) by fitting the dV/dI
data. Hence the SC state between T∗c and Tc, in the re-
gion of peculiar magnetic order, is seemingly ‘unconven-
tional‘. Due to its weakness there is a large sensitivity
to both external effects (stress or pressure by PC cre-
ation, high current density in PC) and to the intrinsic
properties (small deviation from stoichiometry, a specific
SC state at the surface caused by, e.g., peculiar magnetic
ordering). Further investigations are desirable to settle
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the nature of the SC state in this special temperature
range to obtain finally a similar level of understanding
as for the low-temperature SC phase coexisting with the
commensurate antiferromagnetic state we have achieved
here. In a more general context one may only agree with
the conclusion drawn in a very recent review paper [2] as
to ”the RNi2B2C series will continue to provide insight
to superconductivity and its interaction and response to
local moment magnetism for years, and possibly decades
to come.”
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